Metabolic bone disease (MBD) is a broad term that describes a clinically heterogeneous group of diseases that are only united by a common denominator of an aberrant bone chemical milieu leading to a defective skeleton and bone abnormalities. From a forensic pathologist's perspective, MBDs create a challenging diagnostic dilemma in differentiating them from child abuse, particularly when the victim is an infant. Through this brief narrative review on MBD, bone pathophysiology and two relatively challenging pediatric MBDs will be discussed. Acad Forensic Pathol. 2018 8(3): 611-640 
INTRODUCTION
Metabolic bone disease (MBD) is an umbrella term that encompasses a broad spectrum of clinically different diseases that share the common finding of an aberrant bone chemical milieu leading to a defective skeleton and bone abnormalities. Metabolic bone diseases are usually characterized by a dramatic clinical presentation and manifestation that are commonly reversible once the underlying defect has been treated. Abnormalities of minerals include calcium, phosphorus, magnesium, or vitamin D developing as a result of dysfunctions of the various factors that control mineral homeostasis. The defective mineralization translates into rickets at the level of the epiphyseal growth plates and osteomalacia on the endocortical and cancellous bone surfaces (1) . Moreover, osteogenesis imperfecta (OI) pathogenesis has been expanded from a simple collagen defect to abnormalities in bone cell metabolism and development with primary defects in osteoblast differentiation (2, 3) .
Metabolic bone disease is to be differentiated from skeletal dysplasias, which are a larger group of genetic bone disorders that overlaps with MBD. In contrast to MBD, skeletal dysplasias are heritable diseases that have generalized abnormalities in cartilage and bone. The primary defects are in specific signal system or cell types that orchestrate processes of skeleton formation causing the bone disorder (4) . For forensic pathologists, when dealing with infants who present with multiple unexplained fractures, a challenging diagnostic dilemma is differentiating between child abuse and MBD. This short overview will highlight basic bone physiology to establish a core understanding of bone dynamics and to set the stage for a discussion on bone pathophysiology in the setting of metabolic derangements as occurs in MBD, using two relatively challenging MBD entities as examples.
DISCUSSION

Pathophysiology of Bone Development and Metabolic Bone Disease
Bone is composed of proteins and minerals. The former mainly consists of type I collagen and the latter is made up primarily of calcium and pyrophosphate. About 5-10% of the bone skeleton is replaced every year in adulthood and about 85% of the body's phosphate and 99% of its calcium are contained within the skeleton as hydroxyapatite (5) . The adult skeleton appears to be stable and continuously active with balanced resorption and bone formation that is tightly regulated as part of the modeling and remodeling process. This dynamic process requires serum calcium homeostasis and, thus, primary failure of organs that are crucial in calcium hemostasis, as in chronic renal failure, can lead to bone manifestations in the form of MBD.
Bone modeling is a global process characterized by non-coupled bone formation by osteoblasts or bone resorption by osteoclasts on a given surface. This occurs from birth to adulthood and results in a gain of skeletal mass and architectural changes of the immature and mature skeleton in children and adults. Modeling contributes to the periosteal expansion. Bone remodeling is a sequential coupling activity of osteoblasts and osteoclasts on a given bone surface. It occurs at discrete sites throughout the skeleton and involves repeated cycles of resorption of predominately trabecular (non-cortical) bone followed by formation leading to replacement of older bone. This occurs in the adult skeleton and is responsible for the maintenance of bone mass and the expansion of the medullary cavities of the long bones. These changes are detectable at the cellular/microscopic and macroscopic levels and involve equitable amounts of bone resorption secondary to bone formation in healthy individuals.
Bone modeling and remodeling occurs by the same cell type. Remodeling occurs at spatially discrete foci and the group of cells involved is referred to as the basic multicellular unit. The two key player cells are osteoclasts and osteoblasts. Osteoclasts arise from hematopoietic progenitors in the bone marrow and have an average lifespan of 12 days, after which they die by apoptosis (6) . Osteoblasts arise from osteoprogenitor cells that are derived from primitive mesenchymal cells and have a life span that varies from a few days up to 100 days (7, 8) .
INVITED REVIEW
For routine homeostasis, the integrity of bone seems to be maintained by repopulating cells normally present in the bone microenvironment. Interestingly, bone repair and regeneration in the early post-bone marrow transplantation period suggests that hematopoietic cells and osteoblasts are derived from a common marrow progenitor (9) .
Osteocytes are the resident cells of bone and are entombed whilst bone is being made. They are connected to each other and to the lining cells on the surface by cell processes within canaliculi (10) . Osteocyte deficiency might contribute to bone fragility by promoting the accumulation of fatigue microdamage (10) . There is a decline in osteocytes occupying lacunae from about 95% at age ten to about 70% at age 40, remaining steady afterwards (11) . Osteocyte function is not restricted to bone and these naively senile-appearing cells are actually key players in mineral homeostasis. Osteocytes arise from osteoblasts but the exact mechanism of this transformation/differentiation is unknown. However, it is suggested that when an osteoblast is committed to become an osteocyte, it reduces its rate of matrix synthesis so that the adjacent osteoblasts travel further from the cement line, eventually burying the committed preosteocyte (12) .
For simplicity, bone remodeling is divided into three phases: resorption, reversal, and resting. In the resorption phase, the key player cells are osteoclasts, while in bone formation (reversal phase) osteoblasts are the stars of the show. This precisely orchestrated coupling process involves complicated pathways and is not fully understood. Regulation of osteoclast precursor commitment and osteoclastic activity is indirectly regulated by the osteoblast lineage cells through the expression of the receptor activator of NF-κB ligand (RANKL) and osteoprotegerin (13, 14) . RANKL is a product of osteoblasts and controls the function of osteoclasts. A second protein, osteoprotegerin, is also produced by osteoblasts and is a soluble inhibitor of RANKL that acts as a "brake" on osteoclast activity (15) (16) (17) .
The resting phase is a quiescent period in which osteoclasts and osteoblasts rest before the cycle of remodeling is repeated. It is only when there is an imbalance in the coupling process that MBD such as hyperparathyroidism and Paget's disease can ensue (5) . There is exciting evidence accumulating that diseases such as OI are actually a primary defect in osteoblast differentiation with collagen defects that result in changes in bone cell metabolism and development (2, 3) . On the other hand, failure to mineralize the laid down osteoid leads to rickets and osteomalacia in immature and mature skeletons, respectively.
Role of the Pathologist in Metabolic Bone Disease
Endocrinologists and, less often, orthopedic surgeons are the main physicians that manage and diagnose MBD. Since the indication for neoplastic bone biopsy is limited in clinical practice, pathologists are uncommonly engaged in the workup of patients. Examples of pathologist engagement include when a bone biopsy (usually transiliac crest bone) is required, when bone parts are excised during stabilization of a fragility fracture, or when studies and tissue retrieval are needed during postmortem examination (18) . Some MBDs can be diagnosed using decalcified sections of bone, this is particularly true of Paget disease and to a lesser extent osteoporosis (19) . When MBD is suspected, the bone needs to be fixed in absolute alcohol, not formalin, to prevent it from being dissolved (5). The specimen is processed without being decalcified and then embedded in methyl methacrylate plastic and sectioned with a special microtone for microscopic examination. Non-decalcified sections can be stained using toluidine blue or the Masson Goldner technique to separate osteoid from mineralized bone (5). The most important stain is Goldner's trichrome, which differentially stains mineralized bone (green) and unmineralized osteoid (red). The histology of bone structure, formation, and resorption can be quantitatively assessed using bone histomorphometry.
Histomorphometry allows for the two-dimensional measurement of the three-dimensional structure of bone (20) . Variables are derived from primary measurements made at the microscope, such as area, perimeter, and thickness. Histomorphometric parameters are generally divided into structural and remodeling,
INVITED REVIEW
with the latter including static and dynamic parameters. Nomenclature, mathematical derivations, and units have been standardized by the American Society of Bone and Mineral Research (21) . Thus, trabecular bone volume can be measured as a percentage of the total biopsy and the surface osteoid can be measured as osteoid volume or osteoid surface area. The dynamic parameter requires the pre-biopsy use of tetracycline. Tetracycline is characterized by its fluorescence, binding irreversibly to hydroxyapatite and being trapped at the mineralization front and can measure the mineralization lag and mineral apposition rate (22, 23) . Semiautomated and automated image analysis coupled to sophisticated stereology software have largely substituted the manual techniques and can produce most of these figures automatically (5, 24) .
Bone Embryology and Development
Most of the craniofacial skeleton originates primarily from neural crest cells (ectoderm), which emigrate from the neural tube, while the rest of the skeleton results exclusively from mesodermal contributions (25) (26) (27) . These mesenchymal condensations will evolve differently depending on the type of ossification they will undergo, endochondral or intramembranous (28) . The first extracellular molecules shown to be implicated in skeleton formation were the two major collagens, type I collagen in bone and type II collagen in cartilage (5).
Rickets
Generally, rickets is a result of a disturbance of endochondral bone ossification occurring at the epiphyseal growth plate through defective mineralization of osteoid tissue which in turn leads to excessive accumulation of osteoid tissue with deformities (bowing and short stature) throughout the immature skeleton (29) . See Images 1 to 3 for radiological images of rickets deformities and Images 4 and 5 for images of rickets after treatment.
These changes occur due to remodeling of cancellous bone, which allows expansion of the marrow cavity, and apposition of periosteal bone, which affects bone width and cortical thickness. Rickets occurs during growth in children and has different etiological subtypes ( Table 1) . The two main subtypes of rickets are calcipenic and phosphopenic. Both forms show failure of mineralization but in the calcipenic form, hypocalcemia is characteristic and results in a secondary hyperparathyroidism that leads to increased bone resorption and osteopenia. On the contrary, osteopenia does not occur in the phosphopenic forms as they are characterized by normocalcemia. Phosphopenic forms of rickets may be hereditary or acquired ( Table 1) . Hypophosphatemia is a common denominator of both groups of rickets (31) . It prevents apoptosis in the hypertrophic cells in the growth plate. In the absence of apoptosis, the hypertrophic cells accumulate in the growth plate and form the rachitic bone (32) . In calcipenic rickets, phosphaturia leading to hypophosphatemia occurs due to secondary hyperparathyroidism. In phosphopenic rickets (hypophosphatemic rickets), phosphate deficiency is the primary defect that results most commonly from increased renal excretion of phosphate. It is associated with normal or slightly elevated serum parathyroid hormone (PTH). Calcium, vitamin D, parathyroid hormone, and phosphorus interact in such a way that deficiencies of one are often associated with disorders of the others (33) . Healing infantile rickets has a very different radiological presentation than classic rickets, and an early sign of healing is calcification of the zone of provisional calcification, resulting in sclerosis of the metaphysis. With treatment, these radiological features reverse over the course of a few months (34) . There are also subtle histological signs of healing rickets that must be interpreted within the right clinical and radiological context.
In both forms of rickets, the trabecular bone volume is normal but there is a marked increase in the osteoid volume and the osteoid surface area. The available ambient calcium (or occasionally phosphorus) is not sufficient to form calcium hydroxyapitate crystals, which are necessary to mineralize bones. The degree of bone mineralization cannot be appreciated on a standard decalcified hematoxylin and eosin (H&E) preparation and thus undecalcified bone histomorphometry is necessary to evaluate how much of the bone is mineralized in cases of rickets. 
INVITED REVIEW
The diagnostic feature of rickets is wide osteoid seams. With normal bone turnover, there is a thin layer of unmineralized osteoid covering not more than 15% of the bone surfaces. In rickets, the bone surfaces are covered with thick seams of unmineralized osteoid that stain red using the Gomori Goldnar stain.
Histologically, rickets is characterized by an enlargement of the costochondral junction, an increased hypertrophic zone of cartilage (Images 6 and 7; see Image 8 for normal growth plate histology), and columns of hypertrophic cells that show disorderly alignment and pronounced variation in size, with large lacunae most notable at the periphery (Image 9). The normally clear and distinct junction between the hypertrophic and provisional calcification zones is entirely lost. Instead, there is a disorganized cartilaginous area penetrated by blood vessels with large tongues and islands of calcified cartilage with viable chondrocytes covered with thin osteoid deep in the primary spongiosa (Images 6, 7, and 9) (35) . The diaphyseal trabecular bone is thin woven bone that is poorly mineralized. Thickened osteoid seams covering more than 15% of the surface of the trabeculae are noted (Images 10 and  11) . In case of rickets associated with a fracture, the trabeculae adjoining the fracture site show only slight signs of remodeling and the callus tends to show exuberant osteoid and metaplastic cartilage, with only 
Considerations in Rickets in Neonates and Infants
There are considerable controversial results in published studies and reviews in identifying the etiology of classic metaphyseal lesions (CML) in neonates and infants, as well as unexplained fractures in neonates (34, 36) . The American Academy of Pediatrics' Committee on Child Abuse and Neglect (AAPCCAN) has issued guidelines for the evaluation of children with multiple unexplained fractures, concluding they are almost always due to abuse (37) . According to Kleinman et al., CML are commonly identified in patients with a high risk for abuse and are a highly specific Image 2: Frontal view of the femurs shows fraying and cupping in bilateral distal metaphysis with mild lateral convexity bowing deformity of bilateral femoral physis. 
INVITED REVIEW
indicator of child abuse (38, 39) . This notion has been challenged by others who attribute the phenomenon to a manifestation of MBD in infancy (34, (40) (41) (42) . For example, Miller and Mirkin interpreted the CMLs presented in Kleinman's articles as showing poor bone mineralization of the metaphysis, potentially attributable to MBD of infancy (42) . However, in older children there is evidence that the histology of childhood rickets and child abuse-related fractures are distinct (43) .
Dealing with unexplained fracture(s) in an infant is challenging, particularly as more authors acknowledge that child abuse and healing infantile rickets are readily confused. A recent study of 41 infants who died of sudden infant death syndrome found that only 7% of bone biopsies proving rickets were identified by pediatric radiologists (44) . Based on autopsy studies, it is estimated that 80% of rickets is missed on radiographs. As a result, there is rising awareness that a pathologist experienced in infantile rickets needs to Image 3: Frontal views of bilateral tibiae and fibulae show fraying and cupping of bilateral proximal and distal tibial and ulnar metaphysis with mild lateral convexity bowing deformity of the tibial and fibular physis. Pediatric victims with multiple rib/chest wall fractures have been shown in the trauma literature to possess associated internal injuries in 91%-100% of cases (45, 46) . It can be inferred that the absence of swelling, bruising, functional impairment of the affected bone, and the filling-in of the CML without exuberant callus on follow-up are features supporting a diagnosis of rickets.
Metabolic bone disease in young infants with multiple unexplained fractures is multifactorial in etiology and often confused for child abuse. Neonatal rickets starts in utero and is due to multiple factors such as decreased fetal bone loading often secondary to intrauterine confinement (as in multiple birth pregnancies), maternal vitamin D deficiency during pregnancy, and inadequate maternal calcium and/or and phosphate absorption during pregnancy (34, (47) (48) (49) . Maternal hypocalcemia could be related to maternal hypomagnesemia, which leads to osteopenia in the developing fetus (50) (51) (52) (53) (54) (55) . Pregnant women are managed with magnesium sulfate for seizures induced by preeclampsia or eclampsia for fetal neuroprotection in expected early preterm labor (less than 32 weeks) and to prolong pregnancy for a day or two in order to administer antenatal corticosteroids to enhance fetal lung maturity, as in cases of maternal diabetes melliImage 4: Ten months after treatment, frontal view of the hands and wrists shows partial interval improvement of the fraying and cupping in bilateral distal radial and ulnar metaphysis. 
Osteogenesis Imperfecta
Osteogenesis imperfecta is a genetically heterogeneous skeletal dysplasia with an incidence of approximately 1 in 10 000-20 000 births (56) (57) . The 1979 Sillence classification divided OI into four types, from mild to lethal, on the basis of clinical and radiographic features (58) . See Images 15 to 17 for radiological images of OI. The underlying pathophysiological defect in OI is a disorder of type I collagen. Mutations in the COLIA1 and COLIA2 genes are responsible for more than 90% of cases (59) . In 2006, identification of the first gene for recessive osteogenesis imperfecta was made (60) . This led the way for discovery of further genetic mutation and a revised classification that represents a tremendous leap from the original description of osteogenesis imperfecta as an autosomal dominant disorder caused by mutations in COL1A1 and COL1A2, coding for the α1 and α2 chains of type I collagen (61) . The classification now includes recessive forms caused by gene defects for protein products that interact with collagen for folding or post-translational modifications, as well as others, though rarer, that affect bone mineralization and decrease collagen production (62, 63) . The most recently discovered gene defects drive changes in osteoblastic differentiation that result in abnormal bone cell metabolism and development (63, 64) . Thus, it is not surprising that high bone turnover has been observed especially in the more severe types of OI (types III and IV) (65) . Studies of OI in mice revealed marked osteoImage 5: Ten months after treatment, frontal view of the knees shows partial interval improvement of the fraying and cupping in bilateral distal femoral and proximal tibial metaphysis with lateral convexity bowing deformity of bilateral femora and tibiae. Genetic heterogeneity of OI is further complicated by extensive phenotypic variability of each genetic locus and different modes of inheritance (65, 67) . There is no genotype-phenotype correlation that is sufficiently accurate for predicting lethality in an individual case, and the general phenotype-genotype correlations should therefore not be the deciding factor in pregnancy terminations (68) .
Despite the phenotypic overlap, the different subtypes of OI are classically the following: type I is the most common form, while type II is the most severe form. The age of presentation inversely correlates with the disease severity. Type I and type IV OI are less severe and thus show normal life expectancy in the majority of patients. Type II presents as stillbirth or neonates that die within the first month after birth in the majority of cases (69, 70) . Respiratory impairment and neurological complications of basilar invagination contribute to early death in patients diagnosed with type III (71) .
In general, patients with OI present with blue sclerae, wormian bones, dentinogenesis imperfecta, and fractures (Image 18). Other signs can be observed, such as triangular face, short stature, capsular ligamentous hyperlaxity, cardiovascular and eye abnormalities, hearing loss, platybasia, and basilar invagination (2, 69, 70) . Restriction of forearm movements, progressive joint contractures, and craniosynostosis can also be observed (69) . Complete or incomplete fractures of the shaft of long bones and thoracolumbar vertebral compression fractures are observed more frequently in patients with OI (72). 
INVITED REVIEW
As implied by the disease name, the histopathological hallmark is bone malformation (Image 19A). The bone trabeculae are poorly attenuated, thin, and have reduced osteoid matrix (Image 19B; see Image 20 for a comparison with normal trabeculae). The bone cortices are thin. As a result of the weak osteopenic bone, pathological fractures are common with exuberant callus formation (Images 21A and B) . The growth plate, however, shows no or only minimal disorganization. A comparison of the histological features of rickets vs. OI is shown in Table 2 .
Multiple and complex fractures, particularly of the skull, sternum, scapula, vertebral spinous processes, and/or posteromedial ribs at various stages of repair and healing are highly indicative of child physical abuse (72, 73) . This leads to a great deal of suspicion and perhaps injustice to care givers of children with OI. Caregivers of individuals with OI are not uncommonly suspected of perpetrating child abuse by health teams during the initial treatment of fractures before the diagnosis is established (74) (75) (76) (77) .
CONCLUSION
An improved understanding of the pathophysiology of bone development and the clinical, radiographic, and histologic hallmarks of metabolic bone disease can support physicians in the timely diagnosis and differentiation of MBD from childhood physical abuse. This differentiation can be particularly challenging in cases of healing infantile rickets or osteogenesis imperfecta. When possible, the analysis of bone sections or biopsies by a pathologist experienced in infantile rickets can help to identify or exclude the histological hallmarks of these MBDs and help differentiate MBD cases from child abuse (33) . 
